Indirect nitrous oxide (N 2 O) emissions produced by nitrogen (N) leaching into surface water and groundwater bodies are poorly understood in comparison to direct N 2 O emissions from soils. In this study, dissolved N 2 O concentrations were measured weekly in both lowland headwater streams and subsurface agricultural field drain discharges over a 2-year period (2013)(2014)(2015) in an intensive arable catchment, Norfolk, UK. All field drain and stream water samples were found ).
(0.6 Tg N a −1 ). Thus, indirect emissions from N leaching and runoff are significant, equating to 46% of the indirect emissions from agriculture and 11% of total agricultural N 2 O emissions. These indirect emissions from N leaching and runoff are equivalent to approximately 33% of the direct N 2 O emissions from soils. Other studies (e.g., Mühlherr & Hiscock, 1997; Naqvi et al., 2000) have previously highlighted the significance of N 2 O emissions from agricultural N leaching and runoff to the overall N 2 O budget. However, compared to direct N 2 O emissions, these indirect emissions have been poorly studied to date (Outram & Hiscock, 2012) .Indirect emissions of N 2 O occur when N fertiliser is lost from agricultural soils through leaching and runoff. This mobilised N enters groundwater, rivers, riparian areas, wetlands and eventually the ocean (Beaulieu, Arango, Hamilton, & Tank, 2008) . Therefore, the factors controlling nitrification and denitrification in the soil, such as moisture content, temperature, organic matter, availability of N and NH 4 + , pH, redox conditions, texture, and agricultural management practices may subsequently control both direct and indirect N 2 O emissions (Bouwman, Fung, Matthews, & John, 1993; Panek, Matson, Ortiz-Monasterio, & Brooks, 2000) . However, the majority of existing studies (e.g., Włodarczyk, Stępniewski, & Brzezińska, 2005; Jarecki et al., 2009; Hénault, Grossel, Mary, Roussel, & Léonard, 2012) have only investigated the effect of these parameters on direct N 2 O emissions, leaving the control of these parameters on indirect N 2 O emissions poorly investigated in the literature. The aim of this study was to address these deficiencies through the following objectives:
1. to investigate the spatial and temporal dynamics of dissolved N 2 O concentrations in subsurface agricultural field drains and lowland headwater streams; 2. to assess the impact of water quality parameters, soil texture, and crop cultivation regimes on dissolved N 2 O concentrations.
2 | METHODS
| Study location
The study area is located to the northwest of Norwich in the Blackwater sub-catchment of the River Wensum, Norfolk, UK (Figure 1 ). The
Blackwater sub-catchment is intensively monitored as part of the Wensum Demonstration Test Catchment project, which aims to evaluate the extent to which on-farm mitigation measures can costeffectively reduce the level of diffuse agricultural pollution (McGonigle et al., 2014) . The field sites are in an area of intensive arable farming, which includes cereals, oilseed rape, spring beans, and sugar beet grown in a 7-year rotation. The average annual rainfall total is 674 mm and the mean annual temperature is 10.1°C. , 22 kg P ha −1 , 85 kg K ha −1 ) farm years (September to August). Two fields were kept as a control (Block J) and were cultivated by moldboard ploughing to 25 cm depth prior to
sowing. An oilseed radish (Raphanus sativus) cover crop (seed density = 18 kg ha −1 ) was sown in treatment Blocks L and P in late-August 2013. Block P then underwent reduced tillage to a depth of 10 cm prior to sowing spring beans, and Block L underwent direct drilling with no inversion. A winter crop (winter wheat) was grown in the second year (2014) (2015) , and so a cover crop was not sown, but direct drilling and reduced tillage practices continued in Blocks L and P, respectively. waters make a straightforward relationship between N 2 O concentration and N application rate unlikely, as was found to be the case in this study. (2005) emphasised that soil texture and particle size distribution significantly affected the production of N 2 O and concluded that heavier soils provided more favourable conditions for N 2 O production than sandy soils. It has also been reported that the increased frequency of anaerobic conditions associated with higher water contents in heavier soils favours the production of N 2 O by denitrification (Hénault et al., 2012 Previous studies have suggested that a positive correlation between N 2 O and NO 3 indicates that nitrification is the principle production mechanism for N 2 O, whilst a negative correlation indicates denitrification is occurring (Ueda et al., 1993; Mühlherr & Hiscock, 1998; Hiscock, Bateman, Mühlherr, Fukada, & Dennis, 2003) . On this basis, the results presented here indicate that nitrification is likely to be the main production mechanism for N 2 O in stream waters and field drains in sandy loam soils, whereas in clay loam soils, the production mechanism is likely to be a combination of both nitrification and denitri- ) than drains under fields without a cover crop (2.2 μg N L −1 ). This may be due to the accumulation of both carbon and N residues under the combined reduced tillage and cover crop management system and consequently higher substrate availability for nitrification and denitrification compared to conventional management (Abdalla et al., 2012) . The primary goal of using a cover crop as a mitigation measure in agriculture is to improve soil fertility and decrease NO 3 leaching rather than to reduce greenhouse gas emissions; however, the latter should not be neglected when assessing ), the mean concentration under reduced tillage (4.8 μg N L −1 ) was significantly (p < .05) lower. Despite this finding, the lower N 2 O concentrations in field drains under reduced tillage are more likely to reflect that all these drains were within sandy loam soils rather than truly representing differences in tillage practice. This is because of the four field drains under reduced tillage, only D16 had Note. VE = variance explained; VIF = variance inflation factor. Only significant (p < .05) predictors were retained in the models. significantly lower N 2 O concentrations, whereas D1, D3, and D5
| Sample collection

| Storm events
showed no substantial decline in N 2 O compared to the other drains. 4. Nitrogen fertiliser application and different soil inversion regimes were found to have no effect on dissolved N 2 O concentrations either in field drains or stream waters.
5. Higher N 2 O concentrations recorded in field drains under a winter cover crop relative to fallow fields indicate growing an oilseed radish cover crop is not an effective greenhouse gas emission mitigation strategy.
Given the paucity of existing studies into the mechanisms involved in the production of indirect N 2 O emissions from N leaching into surface water and groundwater bodies, we highly recommend that further research is conducted in a wider variety of agricultural catchments with a range of different soil types and rainfall regimes.
